We develop a theoretical framework and a computational method to describe interactions between an intense laser field and a solid. The laser electromagnetic fields are described by the Maxwell equations, while electron dynamics in a unit cell of the solid is described by the time-dependent density functional theory (TDDFT). Since there are two different spatial scales, one is that of the laser wavelength which is typically a micro-meter and the other is that of electron dynamics in solids which is less than nano-meter, this is a multi-scale problem. We solve the coupled dynamics using a finite difference method in space and time, preparing two spatial grids of different spatial resolutions. To illustrate our multiscale simulation, we show an intense laser pulse irradiating, reflecting, and penetrating a diamond thin film. We also show that high parallel efficiency and computing performance are realized in our compulational code.
Introduction
Interactions between a laser pulse and a solid are important from both fundamental and technological points of view. Rapid progresses of laser technologies have made it possible to investigate electron dynamics in solids in a time scale of femtosecond or less [1, 2] . An extremely intense laser pulse is utilized to control the electron dynamics through nonlinear interactions. To describe laser-matter interactions in such extreme conditions, it is necessary to solve coupled equations, the Maxwell equations which describe dynamics of electromagnetic fields and the time-dependent Schrodinger equation which describes electron dynamics. In practice, we rely upon the time-dependent density functional theory (TDDFT) for electron dynamics, which is an extension of the density functional theory so as to be applicable to electron dynamics. Since the spatial scale is very different between the applied laser pulse whose wavelength is typically a micrometer and the electron dynamics whose length scale is typically an atomic size, we need to introduce a multi-scale description. We name our computational code ARTED, Ab-initio Real-Time Electron Dynamics simulator.
Theoretical framework
Our simulation method is a combination of the Finite-Difference Time-Domain method (FDTD) for propagation of macroscopic electromagnetic fields and Real-Time Time-Dependent Density Functional theory (RT-TDDFT) for quantum dynamics of electrons. To describe propagation of electromagnetic fields and dynamics of electrons, we introduce two kinds of spatial grids with different spatial resolutions. We first introduce macroscopic grids. They are used to represent the macroscopic electromagnetic fields. At each macroscopic grid point, we prepare microscopic grids which are used to describe electron dynamics. We consider a propagation of a linearly polarized light pulse along z-axis. The propagation of the electromagnetic fields is described by the following macroscopic Maxwell equation:
where is the macroscopic coordinate, ⃗ ( ) is the vector potential related to the electromagnetic field, ⃗ ( ) is the electric current density which is calculated from microscopic electron dynamics. We consider electron orbitals ( ⃗ ) at each macroscopic grid point. Time evolution of the orbitals is given by solving the time-dependent Kohn-Sham equation:
We evaluate the electric current density at macroscopic point Z as follows:
where ⃗( ) is the current operator. Equations (1) and (2) are coupled: the vector potential ⃗ ( ) is an input and electric current ⃗ ( ) is an output of Eq. (2), while the time propagation of ( ) is described by Eq. (1) using ( ). In this way, we can describe dynamics of macroscopic electromagnetic fields of the laser pulse by solving the electron dynamics in the firstprinciples level. Since we do not assume anything on the intensity of the laser field, this scheme may be applied to intense laser pulses.
Typical calculation
In Fig. 1 , we show an example of our multi-scale simulation. An intense laser pulse irradiates normally on 800nm diamond thin film. Grey zone corresponds to a diamond thin film and other areas are vacuums. In this calculation, 80 macroscopic grid points are utilized inside the diamond thin film. In the figure, laser electric fields after the pulse transmitted the film are shown. Red line represents an intense laser pulse after splitting into transmitted and reflected pulses, while blue line represents a weak laser pulse which may be in the linear response regime. For comparison, blue line is multiplied so that the incident pulses look the same. A large difference between red and blue lines indicates a significance of nonlinear light-matter interactions in the diamond. Fig. 1 . Snapshot of electric fields of laser pulses after the pulse transmitted and reflected from the diamond thin film. Red line corresponds to the incident laser pulse of the intensity 10 14 W/cm 2 and the wavelength of 800nm. Blue line corresponds to a weak incident pulse for which linear approximation applies.
Parallelization and Computational performance
The ARTED runs in both Flat MPI and openMP/MPI hybrid parallel computings. In our calculation, parallelization may be introduced naturally for macroscopic grid points, since electron dynamics are calculated independently at each point. We may also parallelize for the orbitals in a unit cell. In our present implementation, we may parallelize both the macroscopic grid points and the orbitals with MPI, while orbitals may be parallelized with OpenMP.
In our calculation, most time-consuming part is the operation of the single-particle Hamiltonian on orbitals. It is an operation of the sparse matrix on vectors. In Fig. 2 , we show a strongscaling parallel efficiency of the ARTED at K-computer. As seen from Fig. 2 , the ARTED achieves a good parallel efficiency, more than 90%, between 7680 and more than 9x10 4 cores. In Fig. 3 , we show the computing performance of the ARTED. It is about 20% for any number of cores from 7680 to 92160. Fig. 2 . The strong-scaling parallel efficiency of the ARTED at K-computer. Fig. 3 . The computing performance of the ARTED at Kcomputer.
